Introduction
Frustrated Lewis pairs (FLPs) are characterized by the presence of coordinatively unsaturated Lewis basic and acidic atoms in single molecules or bimolecular systems [1] [2] [3] . They found considerable interest in recent research, because they showed a unique reactivity with respect to the ambiphilic coordination and activation of various substrates [1] [2] [3] . Most exciting and promising for future investigations is the transition metalfree heterolytic cleavage of dihydrogen molecules [4] and the application of FLPs in catalytic hydrogenation reactions [1] [2] [3] . Most FLPs are based on boron atoms as Lewis acids and phosphorus atoms as Lewis bases, the Lewis acidity of the boron atoms being usually activated by electron withdrawing pentafluorophenyl groups. Recent reports have impressively shown that Al/P-based monomolecular or bimolecular systems are similarly reactive and form a powerful alternative to the B/P compounds (some recent references in [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ). They have the tremendous advantage that the inherently high Lewis acidity of aluminium atoms does not require activation by fluorinated substituents. These Al/P systems have been applied for the activation and coordination of CO 2 , isocyanates, terminal alkynes, alkenes, ketenes, chalcogen atoms, boron halides, hydrogen halides, aldehydes or transition metal atoms. They were useful reagents in phase transfer processes with the solubilization of alkali metal hydrides, in the catalytic dehydrogenation of ammineborane, in dehydrochlorination or in a transmetallation reaction. A convenient method for the synthesis of monomeric and monomolecular Al/P FLPs (1; scheme 1) is the hydroalumination of sterically shielded alkynyldimesitylphosphines with dialkylaluminium hydrides [5] . This simple procedure allowed the synthesis of a unique functionalized FLP (2) that features a hydrogen atom and a protecting mesityl group attached to phosphorus [18] . The normal FLP behaviour of 2 resulted in the formation of adducts, and the phosphorus-bound hydrogen atom was transferred to the activated substrates to yield unusual structural motifs stabilized by an intramolecular interaction to the Lewis acidic aluminium atom [18] . Sterically less shielded analogues of 1 afforded dimeric structures via formation of two Al-P bonds [19] or persistent dialkylaluminium hydride adducts via formation of Al-P and Al-H-Al 3c-2e bonds (3) [20] . These adducts are formed in irreversible reactions and do not react with excess alkyne to yield the corresponding Al/P FLPs [20] . The dineopentylaluminium group has an intermediate size, and only this group allowed the isolation of both the hydride adduct and the FLP and their mutual transformation depending on excess hydride or alkyne. In this paper, we report on an optimized synthetic procedure, the molecular structure and some preliminary studies into the reactivity of the dineopentylaluminium-based FLP.
Results and discussion
Treatment of a solution of dimesitylphenylethynylphosphine [5] in toluene with equimolar quantities of dineopentylaluminium hydride [21] (scheme 2) and heating of the solution for 24 h to 75°C yielded the dineopentylaluminium-based FLP 4 in a highly selective reaction. Heating is necessary for complete consumption of an intermediately formed hydride adduct similar to 3. Recrystallization of the crude product from n-pentane at −30°C afforded yellow crystals of 4 in 77% yield. This simple procedure afforded analytically pure samples on a multi-gram scale in a short period of time. The NMR data are quite similar to those of FLP 1. figure 1 ). The three-coordinate Lewis acidic (Al) and basic (P) centres adopt a geminal arrangement at the α-carbon atom of the bridging vinyl group. The intramolecular Al-P distance is 319 pm and excludes a significant intramolecular bonding interaction between both atoms. Accordingly, the aluminium atom has an almost ideal planar coordination sphere (sum of the angles C−Al−C 358.6°). The angle Al1-C1-P1 (114.62(7)°) is comparable to the value observed for 1 [5] . Other bond lengths and angles are unexceptional. (9), Al1-C1-P1 88.00(5), Al1-N1-P1 95.14(4).
tert-Butylisocyanate and benzaldehyde reacted with FLP 4 in n-pentane at room temperature in the usual manner by coordination of the C=O groups via Al-O and P-C bonds and formation of five-membered AlC 2 OP heterocycles (colourless 5 and orange 6; scheme 2). In accordance with their higher coordination numbers, the phosphorus atoms of these adducts show shifts to a lower field in the 31 P NMR spectra (δ = 9.5 and 30.5) compared with 4, and the 3 J PH coupling constants to the vinylic hydrogen atoms increase to 38.5 and 38.9 Hz. The sp 3 -hybridized ring carbon atom of the alcoholate group in the benzaldehyde adduct 6 has four different substituents resulting in diastereotopic neopentyl and mesityl environments. The NMR spectra show, however, only a single set of resonances for each substituent, which is consistent with a dynamic behaviour in solution and comparable to the situation in the related benzaldehyde adduct of 1 [22] . A much higher activation barrier was detected for a corresponding adduct of a B/P FLP [23] . A plausible mechanism for the exchange process comprises cleavage of the P-C(alcoholate) bond and rotation of the alcoholate group about the Al-O bond. The CH 2 protons of 6 show an unusual chemical shift (δ( 1 H) = 1.45) which may depend on the presence of the electronegative oxygen atom and the dynamic behaviour in solution with a facile cleavage of the P-C bond. The molecular structures (figures 1 and 2) confirm the molecular constitutions. The Al-O bond lengths (182.5(1) and 180.9(1) pm) are similar and in the expected range. The P-C distances to the carbonyl carbon atoms in the rings differ (187.6(1) and 192.8(2) pm) and may depend on the different hybridization of the carbon atoms. They are significantly longer than the remaining P-C bonds to the aromatic rings or the alkenyl groups (182 pm on average). The long P-C(O) bond in the benzaldehyde adduct 6 may indicate a weak bonding in accordance with the dynamic behaviour in solution.
Few azide FLP complexes are known in the literature, for which three different structural motifs have been reported [24] [25] [26] [27] [28] . (i) The terminal nitrogen atom of the intact azide group is coordinated to phosphorus and boron, zirconium or gallium to form ENP units (E = B, Zr, Ga) with an exocyclic N 2 group. (ii) The terminal nitrogen atom is coordinated to phosphorus, the β-nitrogen atom to boron and the resulting ring has an endocyclic N=N bond. (iii) The α-and γ-nitrogen atoms are coordinated with the entire N 3 group in the ring. When we treated 4 with trimethylsilyl azide in n-pentane, we interestingly observed the unexpected spontaneous release of dinitrogen at room temperature. The formally remaining nitrene fragment N-SiMe 3 has an electron sextet nitrogen atom and is a highly reactive and transient molecule which is trapped in a selective reaction by the FLP forming a P-N bond (P as an electron pair donor) and an Al-N bond (Al as an acceptor; colourless 7; 85% yield; scheme 2). Complexes of FLPs with azides [24] [25] [26] [27] [28] have in very few cases been found to release nitrogen and to yield nitrene adducts. These reactions require, however, drastic reaction conditions and proceed only at elevated temperatures greater than 150°C or after prolonged irradiation [24, 25] . The 31 P NMR resonance (δ = 30.4) and 3 J PH coupling constant to the vinylic hydrogen atom of 7 (43.2 Hz) confirm the coordination number of four at phosphorus. As in most compounds, the CH 2 hydrogen atoms are diastereotopic and give the typical AB splitting pattern in the 1 H NMR spectrum. The P-N distance in the puckered AlCPN ring is short (162.19(9) pm; figure 2) and corresponds to characteristic values of phosphazenes. The Al-N bond length (199.72(9) pm) is in the typical range of bridging Al-N-E groups, and the nitrogen atom has a planar coordination sphere (sum of the angles 357.7°).
In an attempt to remove the trimethylsilyl group and to generate the adduct of the simplest nitrene, N-H, we treated a solution of compound 7 in n-pentane at room temperature with anhydrous ethanol. The product (8) precipitated from the solution and was isolated by filtration in 77% yield. The formation of the N-H nitrene adduct was not observed; instead cleavage of the Al-N bond and insertion of the O-H group took place with the alcoholate anion coordinating to the aluminium atom and the proton to the nitrogen atom (8; scheme 2 and figure 3 ). The molecular structure revealed hydrogen bonding in the N-H···O group as evident from short intramolecular distances (O···H 185 pm; N···O 266 pm) and the formation of a six-membered AlCPNHO heterocycle consisting of six different atoms. Al-O (179.6(1) pm) and P-N (162.5(1) pm) distances are in the typical ranges. Compound 8 decomposes in solution and, albeit slowly, in the solid state and must be stored at low temperature (−30°C). The instability of 8 hindered its complete characterization. Important NMR parameters are a relatively strong low field shift of the 31 P NMR resonance (δ = 43.8) and a large 3 atoms of the trimethylsilyl group (δ( 29 Si) = −13.4, 2 J PSi = 22.7 Hz; δ( 13 C) = 3.9, 3 J PC = 3.2 Hz). We have not been able to isolate and unambiguously identify this product. In the IR spectra of 8, we reproducibly observed a sharp absorption at 2110 cm -1 , which is in the typical range of cumulenes or heterocumulenes. The elimination of aluminium amide has recently been reported to afford phosphaallenes [29] ; a similar reaction may occur in this case. The decomposition in the solid state is unselective, and we could not isolate or identify any secondary product. The reaction of FLP 4 with di(p-tolyl)carbodiimide yielded an adduct (9; scheme 2), in which one of the C=N double bonds is coordinated to the FLP backbone by Al-N and P-C bonds. A five-membered AlNPC 2 heterocycle is formed with the remaining C=N double bond in an exocyclic position. The NMR data are comparable to those of compounds 5-8 (δ( 31 P) = 20.5; 3 J PH to the vinylic hydrogen atom = 40.2 Hz) and do not require a detailed discussion. The P1-C9 bond length to the imine carbon atom (185.0(1) pm; 177.9(1) to 182.7(1) pm for the three remaining P−C distances; figure 3 ) is relatively short, the Al-N distance (196.9 (1) Finally, we treated two equivalents of the FLP 4 in n-pentane at room temperature with a bifunctional diisocyanate in which two diethylphenylene isocyanate groups are bridged by a methylene group (scheme 2). The product (10) is insoluble in the reaction mixture and precipitated completely after about 4 h. It was isolated by filtration and purified by recrystallization from large quantities of a mixture of n-pentane and n-hexane (10 : 1; 71% yield). The NMR spectroscopic data are similar to those of the tert-butyl isocyanate adduct 6 and are not discussed in detail. They confirm the formation of a bisadduct with each isocyanate group bonded to an FLP unit. The molecular structure of this unusual multiatom molecule is shown in figure 4 ; a schematic drawing is depicted in scheme 3. The organic diarylmethyl spacer ligand bridges the two functional isocyanate groups, which are coordinated to two FLP moieties via Al-O and P-C bonds to afford two five-membered heterocycles. The Al-O distances (182.9 pm on average) are in the expected range, the Al-C(vinyl) bonds (206.1 pm) are comparatively long and the P-C(O) distance (187.9 pm) corresponds exactly to the value observed for compound 6. This compound and its facile formation under mild conditions shows the promising propensity of these systems to form supramolecular entities by reaction of oligofunctional molecules such as oligoisocyanates or oligoalkynes with FLPs. This simple procedure seems to be well suited also for the modification of polymeric species and the manipulation of their properties.
Conclusion
Hydroalumination of dimesitylphenylethynylphosphine with dialkylaluminium hydrides opens facile access to geminal Al/P-based FLPs. The generation of these FLPs requires a minimum steric shielding, and small substituents bonded to aluminium resulted in the formation of dimers or persistent dialkylaluminium hydride adducts. Neopentyl groups are the smallest substituents we have attempted which allow the synthesis of a monomeric Al/P FLP (4) with typical FLP properties. An improved synthesis of this compound and its crystal structure are reported in this article. This compound should be able to coordinate and activate molecules which due to steric repulsion do not interact with the hitherto exclusively used FLP 1 which has two tertbutyl groups attached to aluminium. Preliminary results show that 4 is well suited for the coordination of isocyanates and benzaldehyde, but the reaction rates are significantly higher than those of 1. Trimethylsilyl azide reacted by spontaneous release of dinitrogen below room temperature to form a nitrene complex. Few azide adducts of FLPs have been reported in the literature, but the release of nitrogen has been observed only in two cases under drastic reaction conditions. A carbodiimide was for the first time successfully coordinated by an FLP. The low steric shielding of 4 may facilitate further reactions with a wide variety of so far unreactive substrates and the generation of oligonuclear compounds by adduct formation with oligoisocyanates or oligoalkynes. An example (10) of such a reaction is presented in this article.
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